Introduction
It was suggested, for both the late Glacial and the Holocene, a 1500 yr variability of the climate (Bond et al., 1995 (Bond et al., , 1997 (Bond et al., , 2001 . Initially associated with the so-called DansgaardOeschger oscillations (Dansgaard et al., 1993) , this period seems to occur independently of the general glacialinterglacial climate changes. According to these results, the millennial-scale variability was attributed to the same forcing, ruling out any direct link with the ice-sheet oscillations. In North Atlantic as in other part of the world, many paleo-climatic records of the last 10 000 years show a pattern of rapid climate oscillations with cyclicity around 1-2 kyrs. Since the pioneering studies of Gerard Bond on IRD from the North Atlantic Ocean (Bond et al., 1995 (Bond et al., , 1997 (Bond et al., , 2001 ), the 1500-year cycle during the Holocene was tentatively attributed to solar activity (Bond et al., 2001) , to ocean current intensity variation (Bianchi and McCave, 1999) , to tidal Bond et al., 2001) , 10 Be coming from Grip ice core (Vonmoos et al., 2006) . Ice rafted Debris (Bond et al., 2001) , record of Emiliania Huxleyi concentration (from Giraudeau et al., 2000) ; Icelandic record of the mean grain size from loess deposits (Jackson et al., 2005) ; Marine record of sorted size grain (10-63 mm) record (from Bianchi and McCave, 1999) ; Greenland ice core record (GISP2) of sodium concentration (from O'Brien et al., 1995) and color of sediment (Chapman and Shackleton, 2000) . The Ice Rafted Debris record from Bond et al., 2001 is a stack serie of 4 drillings (shown as green dot on the Map).
forcing (Berger and von Rad, 2002) , to atmospheric processes linked to the North Atlantic Oscillation (NAO, Giraudeau et al., 2000) or to modifications of the geomagnetic field (St-Onge et al., 2003) .
Up to now, classical Fourier spectral analysis remains the most common tool for studying the frequency pattern of a signal, although many alternative methods clearly improved the efficiency of Fourier analysis for variance density estimation (for instance, multi-taper methods).
Nevertheless, a thorough study of the Bond et al. (2001) time series clearly highlights the limits of Fourier spectral analysis. For instance, a simple Fourier transform (Blackmann-Tuckey, max entropy) provides 2 peaks corresponding to 1000-year and 2500-year cyclicities, while Bond et al. (2001) reported a quasiperiodic "1500-year oscillation" (Fig. 2) . The confidence limits shown on the figures were computed by testing the estimated power spectra against a background red noise spectrum (AR (1)) with a lag-1 autocorrelation of 0.11. The background red noise spectrum was itself calculated by filtering noise from signal using eigenmode decomposition, noise being modelled thereafter using a first-order autoregressive spectrum procedure. As a matter of fact, the application of a 1000-year filter to the composite series of IRD does not provide very conclusive correlation during 0-5000 years, whereas the 1500-year Gaussian filter highlights a good correlation between filtered and raw data ( Fig. 2) and conversely for the earlier part of the record. This provides a perfect example of the effect of instationarity in a signal. A small peak with a low energy around 1450-year appear only in FFT, however this periodicity is present between 1000 and 6000 years BP as shown by Gaussian filter applied on the series. On the other hand, the early Holocene period clearly displays 1000 years cycles. The bandwidth is 200 years for the Gaussian filters; we used e.g. 900-1100 years and 1400-1600 years, respectively. This result demonstrates the limited ability of classical Fourier spectral analysis to detect a 1500-year fluctuation that evolves through time. Such observations are typical of non-stationary processes, in which frequency content and statistical properties change through time. Wavelet analysis (WA) presents the advantage of describing non-stationarities, i.e. discontinuities, changes in frequency or magnitude (Torrence and Compo, 1998) . Redundancy of the continuous wavelet transform is used to produce a time/frequency or time/scale mapping of power distribution, called the local wavelet spectrum (or scalogram). As a major advantage with respect to classical Fourier analysis, the local wavelet spectrum allows direct visualization of the changing statistical properties in stochastic processes with time.
WA performed on Bond et al. (2001) time series highlights 2 major cyclicities (up to 90% of confidence): 1000 and 2500 years (Fig. 3) . The 2500-year cycle is continuous throughout the Holocene whereas the 1000-year cycle is absent during the Late Holocene (until 5000 years). This time-slice is characterized by an increase in spectral power at another period around 1500 years, reaching its maximum intensity at 3000 years but remains with a low confidence (<50%). Bond et al. (2001) had compared their records with the 14 C production rate (Reimer in Bond et al., 2001) to justify the solar influence. We have processed the 14 C production rate (Reimer in Bond et al., 2001 ) and solar modulation function inferred from the 10 Be (Vonmoos et al., 2006) following the same protocol as the one used when processing the IRD data. WA reveals the same general feature for the 14 C production rate, 10 Be and IRD for the dominant periodicities with special emphasis on the attenuation of the 1000-year cycle during 5000-0 years period (Fig. 3) . For the last millennia the problem is difficult to disentangle because only one cycle is concerned with a probable reappearance of 1000-yr cycle. This is likely in accordance with Little Ice Age well recognized in North Atlantic Area. These results corroborate the solar origin of the cycles at 1000 and 2500 years recorded in the IRD series. Nevertheless the two series show some discrepancies: a 1600-year cycle is recorded during the Holocene in the 14 C production rate excepted during 5000-0 years when the 1500-year cycle of Bond'series is expressed (but with a low level of significance). Thus the occurrence of this 1500-year cycle in the IRD series records a forcing other than solar activity. Is it a pacing induced by a combination of cyclicities or a problem of proxy sensitivity to an other forcing factor? Fig. 3 . Wavelet transform analysis of the marine, continental and ice core records of North Atlantic climate proxies over the Holocene period. Occurrence of the periods (labelled) with respect to the time is given by the bright yellow-red colours. Black line corresponds to cone of influence (see Methods paragraph). Horizontal band corresponding to periodicity higher than 3000 years are not meaningful. The confidence levels are indicated with the dot line: the fine one is 50% the larger is more than 95%.
In this matter, WA were performed on some discriminating published records considered as well-dated data series of North Atlantic climate proxies, such as variations of the sediment grain-size to reconstruct the activity of deep-water masses. Also, we re-processed sortable silt grain-size data published by Bianchi and McCave (1999) on a sediment core situated off Iceland whose sedimentation is directly influenced by the activity of the "Iceland Scotland Overflow Water", ISOW, (Fig. 1) , one of the main component of the thermohaline circulation. WA confirms the previously published results of FFT analysis (Bianchi and McCave, 1999) which evidenced a cyclicity around 1500 years. Moreover WA also highlights the maximum influence of this cyclicity during 5000-2000 years at this time the IRD displayed the 1500-year cycle (Fig. 3) . Chapman and Shackleton (2000) , by the study of sediment color as a proxy of carbonate content, highlighted the same pattern with a frequency around 1660 years in the same core than Bianchi and McCave (1999) . This is also confirmed with a 1700-years cycle in the Emiliania Huxleyi concentration record, a proxy of surface hydrology, in a core off Iceland (Giraudeau et al., 2005) .
So we can propose that the IRD are not good proxies to track thermohaline activity in North Atlantic area. Indeed the oceanic forcing (1500 years) is found but only with a very low significance in the signal unlike solar forcing. Also, we can postulate that the IRD series, classically used as a reference of the climatic fluctuations during the Holocene, records at least one dominant forcing: solar activity for wavelengths at 1000-and 2500-year (up to 90% of the signal), and one minor: oceanic activity for the cyclicity at 1500 years characterising the late Holocene. According to the actual state of the art, this "double" forcing on the IRD signal can be mainly explained by the respective influence of solar activity on continental ice-sheets or calving, during the Early Holocene, and, for a lower level, of oceanic currents intensity strength on the geographical distribution of IRD in the North Atlantic Ocean during 5000-0 years cal BP. A question remains: what are the processes allowing to link solar cycle and IRD deposit in north Atlantic area? The dynamic of the ice sheet could be involved but implies a time response lag that is difficult to identificate. Perhaps could the sea ice and/or calving processes be a good contributor of this pattern however it remains still unclear.
In addition to analysis of several marine paleoclimatic proxies, the detailed Holocene variations of both ice-core and continental parameters were studied. The GISP 2 ice core from the summit of Greenland (Fig. 1) provides a precise and accurately-dated record of climatic changes during the Holocene. We looked at the evolution of sodium concentration in the ice because it is thought to represent the direct deposition of sea spray (O'Brien et al., 1995) . WA of this signal reveals an unexpected result (Fig. 3) : the variations of sodium shows an "oceanic forcing"-like cyclicity at 1600 years (1500-1700) during the late Holocene with maximum of intensity during the 5000-0 years cal BP. The striking feature of sodium flux in ice likely reflecting the cyclonic activity forced by ocean activity could be explained by considering the ocean-atmosphere coupling. Indeed in the North Atlantic Ocean the meridional overturning circulation obviously has a direct influence on sea-ice repartition subsequently affecting the synoptic atmospheric configuration in the North Atlantic area (O'Brien et al., 1995) . As a result, the variations of the oceanic circulation near Iceland during the Holocene as recorded both by grain-size evolution (Bianchi and McCave, 1999) and Calcareous nannofossils abundance (Giraudeau et al., 2000) modify indirectly the atmospheric transfer of oceanic Na toward Greenland. However the very low confidence of this frequency with the signal of sodium flux in Greenland shows that an other proxy is needed. In order to constrain the atmospheric variability during the Holocene, a loess series from Iceland (Fig. 1, Jackson et al., 2005) , the only dust record available, was analysed using WA. The results display a dominant 1700 years variabil- ity (Fig. 3) evidencing the influence of ocean activity on the overlying low-altitude atmospheric configuration confirming the oceanic pacing felt in Greenland ice core. The rather dispersive values obtained for the "so-called 1500-year cycle" through WA on the various data series analysed could result from discrepancies in their respective model-age (isotopic stratigraphy, AMS 14 C, ice-core tuned).
Conclusion
By re-visiting well-known series from the North Atlantic Ocean, wavelet analysis reveals that the Holocene millennial variability is composed of at least three periodicities. Our results strongly suggest that two wavelengths are directly forced by solar activity (1000 and 2500-year cycles) whereas the third one (1600-year cycle, dominant during 5000-0 years) may correspond to oceanic internal forcing. Our results, based on a purely mathematical approach are not able to provide any additional explanation on the origin(s) of this oceanic variability, which may result from atmospheric water transport (Broecker et al., 2001 ) or a persistent internal salt oscillator (McManus et al., 1999) or perhaps an orbital modulation of the mechanisms driving millennialand centennial-scale climatic change through the Holocene as suggest by Turney et al. (2005) . They nevertheless rule out the strictly external climate forcing due to variations in solar output through a linear process.
Although cyclicities of 1000 years and 2500 years are apparently broadly distributed over the whole climatic system (Nederbragt and Thurow, 2005 ) the global extension of the 1600-year cycle is much more controversial. Indeed the 1500-year cycle is often evidenced within various series on the basis of a simple comparison with the mis-interpreted IRD reference dataseries, thus introducing a systematic bias in their conclusions. When submitted to our WA, these series 574 M. Debret et al.: Origin of 1500-year cycles in Holocene North-Atlantic records display in fact cyclicities of 2500 and 1000 years instead of the expected 1500-year one. The circum-North Atlantic climate is particularly sensitive to changes in oceanic forcing due to changes in the strength of the meridional overturning circulation (Manabe and Stouffer, 2000; Alley et al., 1997; McManus et al., 2004) . It remains to be seen whether this oceanic forcing extends globally, but the approach presented here provide a means to evaluate the respective influence of solar and oceanic forcing in high-resolution records from appropriate locations throughout the climatic system.
Methods

Wavelet transforms
The wavelet transform, contrary to the Fourier transform, is used to decompose a signal into a sum of small wave functions of a finite length that are highly localized in time, for different exploratory scales. By difference, Fourier transform aims to separate a signal into infinite-length oscillatory functions (sine waves) like, which results in a complete loss of time information as separated frequencies always apply to the entire length of the signal. Hence, instationary processes can not be described correctly using infinite complex exponentials, because of changes in frequency content across time. Wavelet transform is a band-pass filter which consists of convoluting the signal with scaled and translated forms of a highly time-localized wave function (the filter), the socalled "mother wavelet". The reference wavelet ψ, referred to as the "mother wavelet", comprises two parameters for time-frequency exploration, i.e. a scale parameter (a) and a time-localization parameter (b) so that:
Parameter a produces "daughter wavelets" for investigation at different scale levels, while parameter b allows translation of each daughter wavelet across time to detect changes in frequency content. The continuous wavelet transform of a signal s(t), producing the wavelet spectrum, is defined as:
Time-frequency representation actually plots the wavelet power the time series. In practice, since the wavelet transform consists in applying a low-pass filter to a given time series, wavelet power is computed by fast Fourier transform (FFT), which makes easier the convolution of the time series by the wavelet filter (convolution in the time domain corresponds to a simple algebric product in the frequency domain). Once the Fourier transforms of the time series and the wavelet filter have been computed, the inverse Fourier transform of their product is calculated as follows:
with N: number of points in the time series, s: scale of daughter wavelets, n: time index, k: frequency index, x k : Fourier transform of the initial time series x n , ψ * : complex conjugate of the Fourier transform of ψ (wavelet filter), ω : frequency, δt: time step. Finally, the wavelet power of the complex function W n (s) is defined as the square of the amplitude of the wavelet transform, that is, |W n (s)| 2 . The resulting plot of the wavelet power spectrum |W n (s)| 2 is a contour map in which frequency, Fourier period or wavelet scale (y-axis), and power (z-axis) are plotted against time (x-axis). Several types of wavelet are available. In this study the Morlet wavelet (a gaussian-modulated sine wave) was chosen for continuous wavelet transform:
where η is a dimensionless time parameter and m is the wavenumber that defines the basic resolution of the mother wavelet. A wavenumber of 10 was used, this choice offering a good trade-off between frequency and temporal resolution for the time series analyzed herein.
Cone of influence
To avoid edge effects and spectral leakage that are produced by the finit length of the time series, all series were zeropadded to twice the data length. However, zero-padding causes the lowest frequencies near the edges of the spectrum to be underestimated as more zeros enter the series. The area delineating this region is known as the cone of influence and marks those parts of the spectrum where energy bands are likely to be less powerful than they actually are because edge effects are becoming important.
Statistical test
For all local wavelet spectra, monte carlo simulation was used to assess the statistical significance of peaks. Background noise for each signal was estimated and separated using singular spectrum analysis. Autoregressive modelling was then used for each noise time series to determine the AR(1) stochastic process against which the initial time series was to be tested. AR(1) background noise could be either white (AR(1)=0) or red noise (AR(1)>0).
Unevenly time sampled records
Blanks/gaps in the data were filled up/interpolated using a cubic spline interpolant (passes exactly through each data point). Although we did not use the weighted wavelet Ztransform algorithm, the cubic spline interpolation we used for handling unevenly-spaced data would not imply significant changes in the results of spectral/continuous wavelet analysis: for instance as shown in Fig. 4 , a Lomb periodogram performed on the initial data of the most heterogeneously sampled series leads to the same results as a FFT of the interpolated time series (here interpolated to 4 times the length of the initial series).
